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Time-domain sampling of arbitrary electric fields with sub-cycle resolution enables a complete
time-frequency analysis of a system’s response to electromagnetic illumination. This time-frequency
picture provides access to dynamic information that is not provided by absorption spectra alone,
and has been instrumental in improving our understanding of ultrafast light-matter interactions in
solids that give rise to nonlinear phenomena1–4. Furthermore, it has recently been shown through
measurements in the infrared that nonlinear, sub-cycle, optical-field sampling offers significant im-
provements with regard to molecular sensitivity and limits of detection compared to traditional spec-
troscopic methods for the characterization of biological systems5. However, despite the many scientific
and technological motivations, time-domain, sub-cycle, optical-field sampling systems operating in
the visible to near-infrared spectral regions are seldom accessible, requiring large driving pulse ener-
gies, and accordingly, large laser amplifier systems, bulky apparatuses, and vacuum environments5–10.
Here, we demonstrate an all-on-chip, optoelectronic device capable of sampling arbitrary, low-energy,
near-infrared waveforms under ambient conditions. Our solid-state integrated detector uses optical-
field-driven electron emission from resonant nanoantennas to achieve petahertz-level switching speeds
by generating on-chip attosecond electron bursts11–14. These bursts are then used to probe the elec-
tric field of weak optical transients. We demonstrated our devices by sampling the electric field of
a ∼5 fJ (6.4 MV m−1), broadband near-infrared ultrafast laser pulse using a ∼50 pJ (0.64 GV m−1)
near-infrared driving pulse. Our sampling measurements recovered the weak optical transient as well
as localized plasmonic dynamics of the emitting nanoantennas in situ. This field-sampling device –
with its compact footprint and low pulse-energy requirements – offers opportunities in a variety of
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applications3,5,15, including: broadband time-domain spectroscopy in the molecular fingerprint re-
gion, time-domain analysis of nonlinear phenomena, and detailed studies of strong-field light-matter
interactions.
Complimentary time-frequency analysis enabled by time-domain sampling is critical to the understanding
and design of electronic systems, and such studies have revolutionized spectroscopy in the terahertz spectral
region16. Commercial THz time-domain spectroscopy systems are now readily available17 and often used for
industrial applications such as chemical and material analysis. Sub-cycle field sampling in the THz regime
has also been instrumental to many fundamental scientific investigations, including the tracing of electron
wavepacket dynamics in quantum wells4, the investigation of dynamic Bloch oscillations in semiconductor
systems2, and the observation and characterization of quantum vacuum fluctuations18.
Optical-field sampling in the visible to near-infrared (near-IR) spectral regions would provide great ben-
efit to both science and industry. For example, attosecond streaking spectroscopy has been used to study the
role of optical-field-controlled coherent electron dynamics in the control of chemical reaction pathways19
and the investigation of petahertz-level electrical currents in solid-state systems20,21. It was also recently
shown that sub-cycle field sampling of the free-induction decays of biological systems can provide an
order of magnitude reduction in the limits of detection and improved molecular sensitivity compared to
traditional frequency-domain spectroscopic methods5. Despite these compelling results, scaling such tech-
niques into the near-IR and visible spectral regions has remained challenging. Manipulation of short electron
wave packets8,22 and attosecond streaking in the visible to near-IR spectral regions23–26 have proven to be
viable paths towards direct optical-field sampling in the time-domain. However, these techniques require
high-energy optical sources and complicated optical apparatus, with no compact and integratable sampling
technology with the bandwidth and field sensitivity required for real-world applications of interest.
To address this lack of compact and integratable tools for optical-field sampling in the visible to near-IR,
we have developed and demonstrated an on-chip, time-domain, sampling technique for measuring arbitrary
electric fields of few-fJ optical pulses in ambient conditions. The enhanced local electric field surround-
ing plasmonic nanostructures has been used to generate strong electric fields in nanometer sized volumes
creating a new regime for exploring attosecond science15,27–30. Our work leverages the sub-cycle optical-
field emission from plasmonic nanoantennas to achieve petahertz-level sampling bandwidths using only
picojoules of energy12–14,31. Furthermore, by electrically connecting the nanoantenna arrays via nanoscale
wires, the field samplers we demonstrate here are amenable to large-scale electronic integration32,33. Beyond
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demonstrating the feasibility of sub-cycle field sampling of petahertz-scale frequencies, our results also re-
veal in situ dynamical properties of the interaction of the driving optical-field waveform with the plasmonic
nanoantennas. This work will enable the development of new tools for optical metrology that will comple-
ment traditional spectroscopic methods and unravel linear and nonlinear light-matter interactions as they
occur at their natural time and length scales.
Figure 1. Device overview. a, Schematic of the device. b, Depiction of the optical-field sampling process. Attosecond
electron bursts are driven from an electrically-connected gold nanoantenna (see a) by a strong optical waveform (driver,
red), collected by an adjacent gold wire, then measured using an external current detector (I(τ) is the measured time-
averaged current; see Methods). The weak signal waveform (blue), with a peak intensity of 1×10−4 that of the driver
pulses, modulates the average photocurrent generated by the driver pulse, I(τ), as a function of delay, τ (grey). The
amplitude of the signal waveform is artificially magnified in a and b for visibility, but would in reality be roughly two
orders of magnitude smaller than the driver waveform. c, Photograph of the nanocircuit embedded on printed circuit
board. d, Scanning electron micrograph of the device. e, Simulated electric field enhancement around a nanoantenna.
The maximum field enhancement is ∼35. FE: field enhancement factor. E: arrow indicates polarization of the incident
electric field.
Our device is depicted in Fig. 1a. It consists of an electrically-connected plasmonic gold nanoantenna that
functions as the electron source (cathode), a gold nanowire as an anode separated by a 50 nm air gap, and an
external current detector. A photograph of the nanocircuit integrated onto a printed circuit board is shown
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in Fig. 1c. Devices were connected in parallel via nanowires and simultaneously excited to improve signal
strength. A scanning electron micrograph (SEM) of the fabricated devices is shown in Fig. 1d.
When the strong driving pulse ED(t) illuminates the nanoantenna/wire junction, a large local electric
field E(L)D (t) is generated at the nanoantenna tip as shown in Fig. 1e. The incident electric field is related
to the local electric field by the transfer function of the nanoantenna H˜Pl.(ω) by the relationship E
(L)
D (t) =
F−1
(
H˜Pl.(ω) · E˜D(ω)
)
, whereF−1 is the inverse Fourier transform, and tildes indicate the Fourier domain.
Due to the combined effect of the localized surface plasmon polariton34 in the antenna and the geometric
field enhancement resulting from the sharp radius of curvature35, the locally-enhanced field exceeds the
incident electric field of the driver pulse by a factor of ∼35. The weak incident signal field ES(t) then
creates a weak local signal field E(L)S (t) that modulates the average photocurrent, I(τ), from which the local
signal field can be determined as a function of delay, τ , between the two pulses (Fig. 1b). The local signal
field itself is too weak to drive photoemission, and thus it only modulates the electron burst(s) emitted by
the local driver field.
If sufficiently strong, the local driving electric field at the antenna tip E(L)D (t) significantly bends the
surface potential, resulting in optical-field-driven tunneling of electrons at the metal-vacuum interface once
every cycle11,13,14,32. The instantaneous emission rate Γ approaches the static tunneling emission rate defined
by Fowler and Nordheim, Γ(E)∝ E2 ·exp− Ft|E| [36] as described in Ref. [37] and Ref. [38]. The characteristic
tunneling field strength Ft = 78.7Vnm−1 is dependent on the work function of the metal, approximately
5.1 eV for gold. Due to the strong nonlinearity of the emission process, the electron bursts generated in
the device are deeply sub-cycle and on the order of several hundred attoseconds for the case of near-IR
fields12,13.
For calculating impact of the weak signal field on the total emission, a linearized small-signal model can
be used. We consider the addition of the weak local signal E(L)S (t) as a function of delay τ relative to the
strong driving field E(L)D (t− τ) as shown in Fig. 1b. As demonstrated by Cho et al.22, a short optical driving
pulse in combination with a highly-nonlinear, sub-cycle emission process allows for field-resolved sampling
of the signal pulse. In our case, the detected current as a function of delay I(τ) is the time-average of the
nonlinear emission rate Γ driven by the sum of the driver field E(L)S (t) and the small-amplitude signal field
E(L)D (t− τ),
I(τ) ∝
∫ TRep.
2
− TRep.2
Γ
(
E(L)D (t− τ)+E(L)S (t)
)
dt, (1)
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where TRep. is the time between consecutive optical pulses. Given that E
(L)
S (t) is sufficiently small, we can
Taylor-expand Γ around the local driver field E(L)D (t− τ) to the first order. This enables the linearization of
the measured emission I(τ) with respect to the signal E(L)S (t):
I(τ) ∝
∫ TRep.
2
− TRep.2
(
Γ
(
E(L)D (t− τ)
)
+
dΓ
dE
∣∣∣∣
E(L)D (t−τ)
·E(L)S (t)
)
dt. (2)
The second term in Eq. 2 is a cross-correlation between dΓdE
∣∣
E(L)D (t−τ)
and E(L)S (t), and denoted as ICC(τ).
Due to the nonlinearity of the emission process, the central most portion of the driving waveform dominates
the measured time-integrated current, and acts a sub-cycle gate limiting interaction with the signal field
(Fig. 2a inset). This fact becomes more evident when taking the Fourier transform of ICC(τ), which simplifies
to the following expression:
I˜CC(ω) ∝F
(
dΓ
dE
∣∣∣∣
E(L)D (t)
)∗
· E˜(L)S (ω), (3)
where F
(
dΓ
dE
∣∣
E(L)D (t)
)∗
is the complex spectrum shown in Fig. 2a and is denoted as H˜Det(ω). This function
I˜CC(ω) describes the full sampling response to the weak signal and is connected to the measured cross-
correlation in the time-domain ICC(t) by a Fourier transform.
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Figure 2. Theoretical sampling bandwidth. a, Calculation of the accessible sampling bandwidth H˜Det(ω) as dictated
by the Fourier transform of dΓdE
∣∣
E(L)D (t)
for the carrier-envelope phases ΦCEP = 0,pi of the driver pulse (blue and red
respectively). (Inset) The time-domain picture of dΓdE
∣∣
E(L)D (t)
corresponding to the bandwidth shown in a. b, The spectral
amplitude of the driving pulse (blue) and the plasmonic nanoantenna transfer function
∣∣H˜Pl.(ω)∣∣ (red). The shaded area
in a and b indicates the spectral region occupied by the driving pulse.
The accessible bandwidth is found through the multiplication of the initial small signal E˜(L)S (ω) with
H˜Det(ω). Due to the highly-nonlinear sub-cycle response of the emission rate on the driving electric field,
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H˜Det(ω) spans several octaves from DC to more than 1 PHz (see Fig. 2a). The resultant small-signal gain
enhances the response of the system to weak signals of interest E˜(L)S (ω) that would not be able to generate
detectable electron emission signals on their own. We should also note the periodic structure in the plot
of H˜Det(ω) shown in Fig. 2a. This structure is due to the presence of regularly spaced electron pulses in
the time domain which result in the modulation of the amplitude of H˜Det(ω) (see inset of Fig. 2a). These
pulses are spaced by one cycle of the driving laser, and change in number and strength depending on the
carrier-envelope phase (CEP). However, for few-cycle pulses, such as those used in this experiment, the
response remains relatively flat over the bandwidth of the driving pulse, and is only minimally affected by the
modulation. More detailed discussion of CEP and pulse duration effects can be found in the Supplementary
Information sections 2 and 3.
There are several practical considerations for sampling either the local or incident signal fields. The
impulse-response function of the antenna, specifically the resonant plasmonic contribution, redistributes fre-
quency components as shown by the field enhancement as a function of frequency in Fig. 2b. Considering
the actual sampling process, the limiting factors are the satellite electron pulses, which, if too pronounced,
can cause stronger modulation of the sampling bandwidth, and the breakdown of the theoretical approxi-
mations mentioned above (see Supplementary Information section 2). If the intensity of the probed weak
signal pulse is comparatively strong, approximately three orders of magnitude below the driving pulse and
higher, it will result in nonlinear distortions causing higher order terms in the cross-correlation to become
significant. Another important consideration is the work function of the emitter. If the signal pulse reaches
photon energies higher than the work function, linear photoemission due to single-photon absorption will
cause a substantial background current. This places an upper frequency limit of a gold device near 1 PHz.
To experimentally verify the device performance, a CEP-stable, 78 MHz Er:fiber-based laser source was
used39. The pulses were spectrally broadened in a highly non-linear fiber to create a pulse duration down to
∼ 10 fs full-width at half-maximum (FWHM) (∼2.5 cycles) at a central wavelength of ∼1170 nm. Spectral
phase characterization of the laser source was performed using Two-Dimensional Spectral Shearing Inter-
ferometry (2DSI)40 and can be found in Supplmenentary Information section 6. These pulses were locked
to a fixed CEP value for all measurements. A dispersion balanced Mach-Zehnder interferometer was used to
generate pairs of strong driver and weak signal pulses with a variable delay for the experiment. The driver
and signal pulse energies (fields) were measured to be approximately 50 pJ (0.64 GV m−1 at focus) and∼5 fJ
(6.4 MV m−1 at focus) respectively. The two pulses were focused to a spot-size of 2.25µm×4.1µm FWHM,
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illuminating 10-15 nanoantennas at a time. The pulses were linearly polarized along the height axis of the
nanoantennas (Fig. 1a). Attosecond electron bursts were primarily generated in the nanocircuit by the 50 pJ
driver pulse, with the emission modulated by the ∼5 fJ signal pulse as the delay between the two pulses was
scanned. The signal pulses, with an intensity of 1× 10−4 that of the drive pulses, were much too weak to
drive electron emission on their own. The photocurrent was then detected using a transimpedance amplifier
in conjunction with lock-in detection. We emphasize that the experiment was performed in ambient condi-
tions (i.e. in air and at room temperature). This ability to function in ambient conditions is enabled by the
small gap size between the nanoantenna and the collecting wire11,14. A schematic of the experiment is shown
in Fig. 1a and Supplementary Fig. S1 with further details found in the Methods section and Supplementary
Information Sec. 1.
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Figure 3. Experimental field sampling results and analysis. Time-domain results for devices with a 240 nm height
comparing measured (blue) and simulated near-fields (red) to the calculated incident laser signal (yellow). Here, neg-
ative delays indicate the driver pulse arrives before the signal pulse. The 1σ -confidence interval is shown as a blue
shaded ribbon centered at the average value (blue solid line) retrieved from 60 scans. The plasmonic resonance of the
antenna results in a dephasing in the time-domain between ES(t) and E
(L)
S (t) as observed around 12 fs.
Fig 3 presents the measured cross-correlation (blue trace) for the tested antennas with a 240 nm height
(from antenna base to tip, see Fig. 1a), and compares them with the computed simulated antenna response
E(L)S (t) (red trace) and the calculated laser signal ES(t) (yellow trace). The calculated laser signal ES(t)
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Figure 4. Frequency-domain of the experimental field sampling results Frequency-domain comparison of measured
(solid) and simulated (dashed) near-fields for devices with a 240 nm height to the calculated incident laser signal
(dotted). This on-resonant 240 nm device shows two peaks present in the cross-correlation data, one corresponding to
the output laser spectrum (at 218 THz) and the other to the plasmonic enhancement of the antenna (at 257 THz).
was found by applying the measured spectral phase (see Supplmenentary Information section 6) of the laser
output to the measured intensity spectrum before converting back to the time domain. The measured trace
(blue) shows significant deviations from the calculated laser signal ES(t) (yellow), especially in the pedestal
from 5 fs to 20 fs. However, this measured pulse shape in the time-domain (blue trace) is almost identical to
the simulated antenna response, E(L)S (t) (red trace), both with a 180
◦ dephasing near 12 fs with respect to the
incident laser signal ES(t) (yellow trace). Similar dephasing dynamics have been investigated by others in
both nanoantenna and extended nanotip structures41–43 and are a hallmark of the resonant electron dynamics
excited within the nanoantennas. The 1σ -confidence interval (that is the interval ranging between plus and
minus one standard deviation from the mean value) was calculated over all 60 scans and is shown as the
light blue shaded region in Fig. 3. One standard deviation is ≈ 10% of the peak amplitude. Considering
the estimated peak field of around 6.4 MVm−1 for the incident laser signal, the detection floor is estimated
around 600 kVm−1.
In the frequency-domain (Fig 4), two prominent maxima are visible in the Fourier transform of the meas-
ured data (blue solid trace). These maxima are also exhibited in the simulation of the antenna response
(light blue dashed trace), but only one (at 218 THz) is observed in the measured laser spectrum (grey dotted
trace). The second peak (at 257 Thz) is due to the plasmonic response of the antenna H˜Pl.(ω) which must
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be incorporated when calculating the electric near-field. The peak in the spectral phase of the measured data
(red solid trace) is due to the plasmonic resonance of the antenna and closely matches the simulation of
the antenna response (orange dashed trace). This spectral analysis further supports our conclusion that the
observed discrepancies and dephasing between the incident laser signal ES(t) and the measured pulse in the
time-domain (Fig. 3) arise due to the resonant response of the nanoantenna. Similar experimental results and
analysis for 200 nm devices can be found in Supplementary Information section 4.
We attribute the minor discrepancies between the simulated and experimental data to the multiplexed
nature of our current detection and minor uncertainties in the fabrication process which were not accounted
for in our models. As we illuminated 10-15 nanoantennas at a time, the measurements we show are an
averaged trace, with all antennas contributing simultaneously to the detected current. This averaging causes
the detected resonance shape to be a superposition of all antenna resonances. Another possible cause of
slight discrepancy is the high malleability of gold, which can allow the antennas to reshape under intense
radiation, thereby creating a geometry that differs from the original shape just after fabrication32.
Our detection scheme can be directly compared to hetero- and homodyne methods that are often used
in techniques such as frequency-comb spectroscopy44–46. In fact, the only important difference between
hetero/homodyne methods and our method is the use of an energy detector in the conventional approach,
as opposed to our highly nonlinear nanoantenna detector. Energy detectors only allow for a narrow de-
tection bandwidth that is confined to the amplitude spectrum of the local oscillator (i.e. the driver pulse),
corresponding to the shaded region in Fig. 2. Unlike energy detectors, the broadband response of the non-
linear nanoantenna detectors could enable simultaneous tracking of linear and nonlinear light-matter inter-
action dynamics. Using few-cycle visible and near-infrared driver pulses to sample weaker, phase-locked
mid-infrared transients would not require MIR detectors, with their limited capabilities, that are slow or
that require cryogenic cooling. The reduced pulse energy requirements and compact form-factor of on-chip
nanoantenna detectors like those presented in this work could thus be used to enhance the performance of
emerging frequency-comb spectroscopy systems47.
While other direct time-domain optical sampling techniques for visible and near-infrared optical
pulses currently exist, such as time-domain observation of an electric field (TIPTOE)8,22, and attosecond
streaking9,10,23,24, they require µJ- to mJ-level pulse energies, bulky apparatus, and/or vacuum enclosures.
By providing a compact, chip-scale platform that enables sub-cycle, field-sensitive detection of sub- to few-
fJ optical waveforms in ambient conditions, devices similar to those discussed in this work could find ap-
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plications such as phase-resolved spectroscopy and imaging, and could have an impact in a variety of fields
such as biology, medicine, food-safety, gas sensing, and drug discovery. In particular, due to their compact
footprint and pJ-level energy requirements, such detectors could be used to enhance the performance and
operating bandwidth of frequency comb spectroscopy systems. Furthermore, we believe that such on-chip
petahertz field-sampling devices will enable fundamental investigations such as the time-domain charac-
terization of attosecond electron dynamics and optical-field-driven nonlinear phenomena in light-matter
interactions.
Methods
Experimental Methods
The nanodevices were illuminated by a few-cycle, supercontinuum-based48, CEP-stablilized fiber laser
source39. The source has a central wavelength of ∼1170 nm, with a pulse duration of ∼10 fs FWHM
(∼2.5 cycles), and repetition rate of 78 MHz. The supercontinuum was generated from a highly non-linear
gemanosilicate fiber pumped by a Er:fiber-based laser oscillator and Er-doped fiber amplifier (EDFA) sys-
tem and compressed with a SF10 prism compressor. The CEP was locked to a fixed CEP value for all
measurements taken. Pulse characterization of the laser source was performed by 2DSI40 and can be found
in Supplmenentary Information section 6. The spectrum of the laser source was measured with a fiber-
coupled optical spectrum analyzer (Ando Electric Co., Ltd.). More details about the supercontinuum source
can be found in Ref. [39].
A dispersion-balanced Mach-Zehnder interferometer was used to generate the pulse pairs for the exper-
iment. An Inconel reflective neutral density (ND) filter of optical density (OD) 4 on a 2 mm thick BK7
substrate (Thorlabs) was placed in one arm and used to generate a weak signal pulse with pulse energy of
∼5 fJ. An optical chopper was placed in this weak arm for lock-in amplification and detection. The strong,
driver arm had a pulse energy of∼50 pJ. A corresponding 2 mm thick BK7 window was placed in the driver
arm to balance the dispersion between arms. The added chirp from the glass was precompensated using the
prism compressor. The delay between the two pulses was controlled with a home built 15 µm piezo stage.
A chopper was placed in the weak arm to modulate the signal for lock-in amplification. A schematic of
experimental setup can be found in Supplmenentary Information Sec. 1.
The pulses were focused onto the chip using a Cassegrain reflector to a spot-size of
2.25 µm × 4.1 µm FWHM. This spot-size allowed for illumination of 10-15 nanoantennas at a time. The
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polarization of the pulses was parallel to the nanoantenna height axis. A bias voltage of 3 V was applied
across the 50 nm device gap. The emitted current was collected and amplified by a transimpedance amplifier
(FEMTO Messtechnik GmbH) in conjunction with a lock-in amplifier (Stanford Research Systems), with a
modulation of 200 Hz of the optical chopper.
For each data set, 60 scans of 10 second acquisition time over the 100 fs time window were performed.
Post-processing was done in Matlab. Each data set was Fourier transformed and windowed from 150 THz to
350 THz with a tukey-window steepness of α = 0.2. The resulting output was averaged in the time-domain.
Device Fabrication
We used a fabrication process based on that described in Ref. [32]. The data presented in this work comes
from devices fabricated on two different chips. The devices were fabricated on BK7 substrates. The pat-
terning was performed using an electron beam lithography process with PMMA A2 resist (Microchem), a
writing current of 2 nA, a dose of 5000 µC/cm2, and an electron beam energy of 125 keV. To avoid charg-
ing, an Electra92 layer was spin-coated on top of the PMMA at 2 krpm and baked for 2 min at 90 ◦C. Since
these are large arrays, a proximity effect correction step was also included when designing the layout. After
exposure, the resist was cold-developed in a 3:1 isopropyl alcohol to methyl isobutyl ketone solution for
60 s at 0 ◦C. Then, a 2 nm adhesion layer followed by 20 nm of Au were deposited using electron beam
evaporation. As adhesion layer Ti was used for the 240 nm and Cr for the 200 nm antennas chips. Subse-
quently a liftoff process in a 65 ◦C bath of n-methylpyrrolidone (NMP) (Microchem) was used to release the
structures. Finally, we used a photolithography procedure to fabricate the contact pads for external electrical
connections.
Electromagnetic Simulations
The optical response of the plasmonic nanoantennas was simulated in a finite-element-method electromag-
netic solver (COMSOL Multiphysics). The nanoantenna geometry was extracted from SEM images. The
refractive index of gold was taken from Ref. [49], and the refractive index of the glass substrate was fixed
at 1.5 with negligible dispersion in the simulation spectral range. To simulate nanoantenna arrays, periodic
boundary conditions were used. The normally incident plane wave was polarized along the nanotriangle
axis (perpendicular to the nanowire). Perfectly matched layers were used to avoid spurious reflections at
the simulation domain boundaries. The complex field response H˜Pl.(ω) = E˜(L)(ω)/E˜(ω) was evaluated as
11
a function of frequency. The field enhancement was defined as the ratio of the near-field at the nanotriangle
tip to the incident optical field.
Data and Code Availability
The data and code that support the plots within this paper and other findings of this study are available from
the corresponding authors upon reasonable request.
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1. Experimental Setup
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Fig. S1. Experimental Setup Overview of the optical layout and signal detection chain of our experiments. Abbrevi-
ations: BS: beamsplitter, ND: neutral density filter, DAQ: data acquisition.
A CEP-stable, 78 MHz Er:fiber-based supercontinuum laser source was used, with a central wavelength
of ∼1170 nm and pulse duration of ∼10 fs FWHM. A dispersion-balanced Mach-Zehnder interferometer
was used to generate the pulse pairs for the experiment (Fig. S1). An Inconel reflective neutral density (ND)
filter of optical density (OD) 4 on a 2 mm thick BK7 substrate (Thorlabs) was placed in one arm and used to
generate a weak signal pulse with pulse energy of∼5 fJ. An optical chopper was placed in this weak arm for
lock-in amplification and detection. The strong, driver arm had a pulse energy of ∼50 pJ. A corresponding
2 mm thick BK7 window was placed in the driver arm to balance the dispersion between arms. The added
chirp from the glass was precompensated using the prism compressor. The delay between the two pulses was
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controlled with a home built 15 µm piezo stage. The generated electron emission is collected and amplified
by a transimpedance amplifier (FEMTO Messtechnik GmbH). The resulting voltage signal is demodulated
by the Lock-In amplifier with the 200 Hz frequency of the chopper wheel and subsequently low-pass filtered.
2. Discussion of Sampling Bandwidth
A strong local electric-field transient (driver) drives the electron emission at the metallic nanoantenna11–14.
For simplicity in this section we will be discussing the field driving the emission at a surface, ED(t). When
a weak electric-field waveform (signal) perturbs the emission process, the detected time-averaged current is
proportional to the electric field of the small signal. The small-signal gain, as defined by dΓdE
∣∣
ED(t)
, is therefore
dictated by the strong driving electric field waveform. To demonstrate the influence of the FWHM of the
driving pulse duration on the sampling bandwidth, we calculated H˜Det(ω) for 1-, 3-, 5-, 7-, and 9-cycle sech2
driver pulses each with a central frequency of 250THz and a peak field strength at the antenna surface of
15 GVm−1 (see Fig. S2a).
The small-signal gain dΓdE
∣∣
ED(t)
was calculated by assuming Fowler-Nordheim tunneling emission with
a characteristic tunneling field of Ft = 78.7Vnm−1. Fig. S2b shows the effective gate signal dΓdE
∣∣
ED(t)
for
the sampling process for each pulse duration. Only the single-cycle pulse (blue) exhibits an isolated peak.
However, for driver pulses with an increasing number of cycles, satellite pulses start to emerge. For the
9-cycle case (green traces) the height of satellite pulses at −4fs and 4fs approach the height of the center
peak. Fig. S2c shows the Fourier transform of dΓdE
∣∣
ED(t)
.
The sampling bandwidth generated by a single-cycle field transient shows a smooth response from DC
to 1.8 PHz and corresponds to the Fourier transform of the isolated peak in Fig. S2b (blue traces). With
increasing pulse duration, the bandwidth becomes increasingly modulated due to the destructive interfer-
ence of the additional peaks in the gate signal. The modulation is periodic with the frequency f0 of the
driving electric field at 250THz and exhibits maxima at the higher harmonics n · f0 for n ε N. We highlight
that although a 5-cycle driver waveform results in strong modulation of the sampling response H˜Det(ω), the
sampling response does not completely vanish at the minima (yellow traces). However, for driver pulses
having a FWHM duration greater than five cycles, we find that the sampling response completely vanishes
at the minima. This sampling technique allows for detection of higher harmonics of the driving signal re-
gardless of the pulse duration, which originates from the fact that the individual peaks are deeply sub-cycle
in duration13.
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Fig. S2. Sampling bandwidth as a function of pulse duration. a, Electric-field transients for near-infrared pulses
with a FWHM duration of 1-, 3-, 5-, 7-, and 9-cycles and a central frequency of 250THz. b, Calculation of dΓdE
∣∣
ED(t)
for
the field transients shown in a and assuming Ft = 78.7Vnm−1 as the characteristic tunneling field. c, Fourier transform
of dΓdE
∣∣
ED(t)
showing the accessible sampling bandwidth provided by the field transients shown in a.
3. Carrier-Envelope Phase Discussion
The carrier-envelope phase (CEP) of a few cycle pulse plays a significant role in strong-field physics and
heavily influences the electron emission characteristics from resonant nanoantenna devices. In this section
we discuss the role of the driving waveform’s CEP in the sampling process. For simplicity in this section we
will be discussing the field driving the emission at a surface, ED(t).
For our analysis, we calculated the complex sampling response H˜Det(ω) assuming a sech2 driving pulse
with a central frequency of 250 THz and a pulse duration of 10 fs (∼2.5 cycle), as given by the output of the
laser used to experimentally verify device performance. As in Sec. 2, the incident electric field was taken to
be 15 GV/m. The results are plotted in Fig. S3a for various CEP values of the driving pulse. The small signal
gain dΓdE
∣∣
ED(t)
was calculated by assuming Fowler-Nordheim tunnel emission with a characteristic tunneling
field of Ft = 78.7Vnm−1 and is plotted in Fig. S3b. In Fig. S3c the complex sampling response H˜Det(ω)
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Fig. S3. Sampling response as a function of CEP. a, Calculated sech2 pulse centered at 250 THz with a pulse duration
of 10 fs (2.5 cycle), a peak electric field of 15 GVm−1, and a ΦCEP = 0, pi2 , pi . b, The small signal gain
dΓ
dE
∣∣
ED(t)
is
calculated by assuming Fowler-Nordheim tunneling emission with a characteristic tunneling field of Ft = 78.7Vnm−1.
The electric-field transients used here correspond to a. c, The spectral amplitude and phase of the complex sampling
response of H˜Det(ω) as a function of frequency. Calculated for ΦCEP = 0, pi2 ,pi .
derived from dΓdE
∣∣
ED(t)
is shown.
The CEP, ΦCEP, of the driving pulse dictates the amplitude of the modulation of H˜Det(ω). For the driver
pulse duration modeled in Fig. S3a, a cosine shaped pulse (ΦCEP = 0) exhibits minimal modulation of
the sampling bandwidth, which corresponds to an isolated electron burst with small satellites in the time-
domain if the pulse is sufficiently short (see Fig. S2b). A CEP of ΦCEP = pi corresponds to a negative cosine
shaped pulse, which corresponds to two electron bursts of equal height, resulting in the sharp minima in
the sampling bandwidth as shown in Fig. S3c (dotted traces). More importantly, with an adequately short
driving pulse, it is possible to choose an appropriate ΦCEP value such that only one electron burst dominates
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the field emission process, resulting in a smooth, unmodulated H˜Det(ω) from DC to 1 PHz, as shown in
Fig. S2c. Nevertheless independently of ΦCEP a full octave of spectrum can still be sampled with distortion
due to H˜Det.
Another important characteristic of the sampling process to consider is the absolute phase of the sampled
output. When ΦCEP = 0, a dominant electron burst exists in the time domain and the absolute phase of
the signal pulse will be transferred to the sampled output, as H˜Det(ω) will be a purely real function (see
Fig. S3c). For comparison, if ΦCEP 6= 0 the spectral phase of H˜Det(ω) is not flat. As shown in Fig. S3,
this phase resembles a stair function with plateaus of flat phase around the central frequency ω0 and its
harmonics. Looking closely at Fig. S3, we see that we can write the spectral phase at the nth harmonic as
∠H˜Det(nω) = n ·ΦCEP for n ε N. With these spectral phase behaviors, we then see that the constant phase
component of the sampled output becomes the difference between that of the sampling pulse, n ·ΦCEP, and
that of the signal, ΦS. Therefore, the constant, or absolute, phase of the sampled output can be written
ΦS− n ·ΦCEP. In the case where the driving pulse, ED, and the signal pulse, ES, originate from the same
laser source, they will share a common ΦCEP, and in this case, the absolute phase of the sampled pulse will
therefore be zero. Importantly, we should note that this result is independent of ΦCEP, and even laser sources
with a carrier envelope offset fCEO 6= 0 can be used for sampling. Lastly, we should additionally note that in
stark contrast to other phase-sensitive techniques, like homo- and hetero-dyne detection, the absolute phase
of ED can be derived unambiguously in-situ from the field emission current generated by ED in our devices,
as demonstrated in [11, 32].
4. Field-Sampling Measurements with 200 nm Devices
Our technique was also tested using devices consisting of triangular antennas with a 200 nm height. These
devices were designed to be off-resonant with the laser pulse and were fabricated on a separate chip from the
240 nm antenna. Fig. S4 presents the acquired cross-correlation trace (blue) for these devices. For each data
set, 47 scans of 5 seconds acquisition time over the 100 fs time window were performed. Post-processing
was done in Matlab. Each data set was Fourier transformed and windowed from 150 THz to 350 THz with a
tukey-window (steepness of α = 0.2). The resulting output was averaged in the time-domain.
We find good agreement between the measured trace (blue) to the simulated local signal field, E(L)S (t)
(red). We note that both the measurement and simulated local signal fields are both slightly shorter than the
calculated laser output (yellow). The reason for this is apparent when examining the pulses in the frequency
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Fig. S4. Experimental field sampling results using 200 nm devices. Time-domain results for 200 nm devices com-
paring measured (blue) and simulated (red) near-fields to the calculated incident laser signal (yellow). Here, negative
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the laser pulse and the measured trace yields good agreement to the calculated laser output. The 1σ -confidence interval
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Fig. S5. Frequency-domain analysis of 200 nm device results. Frequency-domain analysis comparing measured
(solid) and simulated (dashed) near-fields for 200 nm devices to the calculated incident laser signal (dotted). The
200 nm device is designed to be off-resonant with the laser pulse, thus the measured and simulated spectrum only
show a single spectral peak corresponding with that of the laser spectrum at ≈ 220 THz.
domain as shown in Fig. S5. While the main spectral peak at ≈ 220 THz agrees with the measured laser
spectrum (gray dotted curve) and the expected antenna response (light blue dashed curve), both the simulated
and experimental local signal field spectra exhibit an enhanced shoulder out to 300 THz relative to the
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measured laser output spectrum (solid blue curve). This is due to the plasmonic resonance which enhances
these higher frequency components, resulting in a shorter time domain response of the local fields relative
to the incident fields after interaction with the antenna.
5. Data Processing and Error Analysis
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Fig. S6. Mean value and 1σ -confidence interval Time-domain measurement and simulation for a, 240 nm devices
(Fig. 3, main text) and b, 200 nm devices (Fig. S4). The blue curves shows the mean value for every electric field/time
coordinate over all individual scans. The grey ribbon shows the 1σ -confidence interval for the respective coordinate.
For comparison, the simulated electric field is shown in purple.
To determine the error in our measurement, we took the Fourier transform of the each of the ∼50 in-
dividual data sets and applied a tukey-window in the frequency-domain with a steepness of α = 0.2 from
150 THz to 350 THz. The windowed data sets were then back transformed into the time-domain and av-
eraged for each time coordinate over all data sets. To determine the 1σ -confidence interval the standard
deviation was calculated for each time coordinate over all data sets. The result is shown in Fig. S6 and com-
pared to the respective simulation shown in Fig. 3 (main text) for the 240 nm devices and Fig. S4 for the
200 nm devices.
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6. Source Spectral Phase Measurements
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Fig. S7. Source spectral phase characterization using 2DSI. a, Raw 2DSI spectrogram of the source in the exper-
iment conditions. b, Retrieved group delay (red) and laser spectrum (blue). The optimized values of shear frequency
and upconversion wavelength are fshear = 5.5 THz and λup = 1050 nm.
In order to characterize the spectral phase of our supercontinuum source we performed two-dimensional
spectral shearing interferometry (2DSI) measurements40. Two spectrograms were obtained for the measure-
ment: the first with the laser in similar conditions to that of the experiment, and the second with an added
1.5 mm fused silica window placed in the beam path. The spectrogram of the source in the experimental con-
ditions is shown in Fig. S7a. The second spectrogram taken with an additional propagation through 1.5 mm
fused silica was used to calibrate the shear frequency fshear and upconversion wavelength λup needed for
group delay retrieval from the 2DSI measurement. Using an optimization routine, we found the values for
fshear and λup that resulted in the minimum error between the group delay difference measured with and
without the fused silica using 2DSI and that predicted using the known optical properties of fused silica.
The resulting retrieved group delay and the spectrum of our laser source are reported in Fig. S7b.
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